A B S T R A C T The raised transepithelial electric potential difference (PD) across respiratory epithelia in cystic fibrosis (CF) has suggested an abnormality in ion permeation. We characterized this abnormality further by measuring in the nasal epithelia of CF and normal subjects the concentration-PD relationship for amiloride, an inhibitor of cell Na' permeability, and PD responses to superfusion with solutions of different composition. Amiloride was more efficacious in the CF subjects but the ED50 was not different from that of normals (-2 X 10-6 M). Na' replacement by choline induced effects similar to those of amiloride, i.e. a greater depolarization in CF subjects. A 10-fold increase in the K+ concentration of the perfusate induced a small (<10 mV) depolarization in both subject populations. When Cl-in the perfusate was replaced by gluconate or SO2-the nasal PD of normal subjects hyperpolarized (lumen became more negative) by -35 mV. A significantly smaller response (<17 mV) was induced in CF homozygotes but not in heterozygotes (38 mV). The smaller response of CF subjects appears to reflect an absolute decrease in luminal surface Clpermeability because pretreatment with amiloride did not increase the response to Cl-free solution (7 mV). Accordingly, three abnormalities (decreased Cl-permeability, raised PD, greater amiloride efficacy) have been identified in CF respiratory epithelia. Whereas "excessive" active Na+ transport can account for these abnormalities and the dessication of airway surface liquid, it is possible that a lower lumenal cell membrane Cl-permeability and inhibition of a potential path of Cl-secretion can also explain the observations.
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INTRODUCTION
Cystic fibrosis (CF)' is characterized by abnormal fluid and solute balance across the epithelia of several organs (1, 2) . The lung is usually the critical organ because thickened airway liquid appears to contribute to recurrent infection with progressive loss of ventilatory function (3) . We established that transepithelial electric potential differences (PD) across the nasal mucosa and bronchi of patients with cystic fibrosis were at least twice voltages from the same regions of normal subjects, heterozygote subjects, or patients with diseases that share some of the sequellae of cystic fibrosis (4) . The PD of both normal and CF subjects were inhibited by superfusion of amiloride onto the luminal surface but the drug induced a greater change in CF patients. The specificity of amiloride's action on other epithelia suggested that the PD across upper airway epithelia of normal and CF subjects was linked to the translocation of Na+.
In this paper we attempt to more completely characterize the paths of ion permeation across the nasal epithelium of CF and normal subjects from measurements of (a) the concentration-voltage relationship for amiloride perfusion onto the nasal mucosa and (b) biionic and dilution PDs generated by superfusion of the luminal surface of the nasal mucosa with solutions of different ionic composition. Tables I and II) no more frequently than once a week. PDs between the exploring and subcutaneous bridges were measured with a high impedence voltmeter and were corrected for the appropriate liquid junction potential by the method described previously (7) .
METHODS
Statistics. Mean changes in nasal voltage induced by amiloride or by modification of superfusion solution composition in a group of subjects were evaluated by paired t test. Differences between subject groups in base-line PD or the magnitude of response to a maneuver were assessed by the t test for independent means. P < 0.05 was considered to be significant. Means (±SE) are reported.
RESULTS
The dose-effect relationship for nasal mucosa superfused with Ringer's solution in vivo with amiloride is shown in Fig. 1 x 10-6 M, respectively. Slightly greater inhibition (<10%) could be induced by greater infusion rates (4 ml/min) but the drug always induced, at comparable infusion rates, a greater maximal effect in CF than in normal subjects. Because the specificity of amiloride's inhibition of Na' entry across the luminal border of epithelial cells implied a contribution of Na' translocation to the PD in nasal epithelia, we also assessed the voltage response to superfusion with Na'-free solutions. Exposure to Na' replete Ringer solution from the second pump did not change PD (Table I) . Like exposure to amiloride, Na'-free solution induced large reductions in PD in both groups and the response in CF subjects was both absolutely and proportionately greater.
The Since superfusion with Na'-free solution with amiloride after amiloride pretreatment resulted in a <10 mV further decrease in the PD of the nasal epithelia of both groups (Table I) , we reasoned that most of the PD change induced by Na'-free Ringer was amiloride sensitive. The amiloride insensitive responses of the two subject populations were not different.
The exaggerated response of CF airways to amiloride or Na' replacement suggested that the path of Na+ permeation played a disproportionately greater role in the determination of PD in CF epithelium. However, this pattern of response would also be expected if Na' permeation was "normal" and permeability of the barrier to other ions was abnormally low. We evaluated this alternative by assessing the transepithelial voltage response to changes in the concentration of other major ions in the solution that was superfused onto the surface of the nasal mucosa.
When the K+ concentration was raised 10-fold to 50 meq/liter, PD across the nasal mucosa of both groups of subjects fell by -8 mV. The change in CF subjects was not significant. Replacement of an equivalent concentration of Na' in the bathing solution by choline did not change the PD in both groups of subjects significantly. Although the response to K+ replacement tended to be slightly greater than that to choline, the differences were not significant.
In contrast, replacement of Cl-by gluconate or sulfate resulted in a rise in the PD of normal subjects that was more than twice that of CF subjects ( Fig. 2 and Table II ). Further, the voltage change induced by superfusion with Cl--free media did not require Na' in the solution (NaCl replaced by choline gluconate (Tables I and II) . These results are comparable to our earlier measurements of a larger CF population (4).
The dose-effect study with amiloride ( Fig. 1) demonstrated that the drug induced a greater ceiling effect on the nasal PD of CF subjects. Both absolute voltage changes and the changes normalized for base-line PD that were induced by maximal concentrations of amiloride were always greater in CF than in normal subjects ( Fig. 1 and Table I ). However, ED50 of normal subjects and subjects with cystic fibrosis were similar (2 or 3 X 106 M). These values fall into the range reported for respiratory epithelia excised from adult human subjects (8) and for the other Na+ absorbing epithelia (9) . In addition, similar dose-effect relationships for PD or short circuit current have been obtained in vitro from nasal and bronchial epithelia excised from CF and normal subjects.2
Amiloride's primary action on CF and normal nasal mucosa is probably restricted to cellular paths of Na' translocation. An in vitro study of nasal epithelia excised from a limited number of normal and CF subjects demonstrated that Na' absorption was the only measurable active ion transport across these tissues under resting conditions.2 Moreover, basal Na+ transport equalled the short circuit current and was blocked by amiloride. It is more difficult to test amiloride specificity in vivo. The similarity between PD changes induced by amiloride and by Na'-free solution could result from a common mechanism. However, drug-induced and Na+-free voltage responses of the nasal mucosa would not be expected to be identical. For example, whereas both maneuvers limit the access of Na+ to the transport system, only replacement of Na+ in the superfusion is likely to reverse the Na+ gradient across the luminal (apical) membranes of the epithelial cells and should not affect Na+ permeability. In spite of these differences, replacement of Na+, like exposure to amiloride, induced a greater change in PD in CF than in normal subjects. Because replacement of Na+ in a Ringer solution that contained a maximal concen- 2 Knowles, M. R., M. J. Stutts, A. Spock, N. Fischer, J. T. Gatzy, and R. C. Boucher. Abnormal ion permeation through cystic fibrosis respiratory epithelium. Science (Wash. DC).
In press. Knowles, M. R., A. Spock, J. T. Gatzy, and R. C. perpolarization of the nasal PD of normal than CF subjects. If Cl-and gluconate diffusion in the paracellular shunt follow the expectations for diffusion in free solution, this path can contribute no more than 9 mV to the hyperpolarization (i.e., equal and opposite to the liquid junction PD at the bridge). Consequently, the response in normal subjects probably reflects C1-permselectivity of the apical surface. This conclusion is supported by the hyperpolarization induced by dilution of the NaCl in the superfusion solution with isosmotic sucrose (Table II) . It is likely that the C1-permeability of the luminal surface of the epithelium of CF subjects is substantially smaller. Not only was the PD response to Cl-replacement smaller than the response of normals, but Cl-replacement coupled with a maximal concentration of amiloride, a maneuver that would be expected to minimize the contribution of Na' diffusion to the PD, decreased rather than increased the hyperpolarization. Accordingly, both the relative and absolute Cl-permeability of the apical surface of CF epithelium appear to be smaller than those of normal subjects. These differences probably cannot be accounted for by differences between the ion composition of normal and CF epithelium because the change in PD across the barrier should be independent of cell and interstitial ion concentrations so long as these concentrations do not change during the period of measurement (12) . Our studies of bioelectric properties and ion flow across airway epithelia have revealed three major differences between normal and CF tissue. CF epithelia are characterized by (a) a greater transepithelial PD, (b) a greater maximal response to amiloride, and (c) a smaller Cl-permselectivity of the luminal surface.
Several defects or a single defect could account for these observations. We originally proposed on the basis of increased amiloride efficacy that the raised PD or airway epithelia was the consequence of an "excessive Na' absorption" (4). This hypothesis is neither supported nor discounted by the present study or by our limited observations from airway epithelia excised from normal and CF subjects.2 We considered earlier the possibility that a defect in the Na+ transport could result from a change in paracellular Na+ conductance, Na+ entry into or active Na+ extrusion from the epithelial cells (4) . Measurements that are likely to be related to the passive Na+ permeability of paths through (amiloride-sensitive conductance2 and amiloride affinity for tissue receptors [ Fig. 1]) and/or around epithelial cells (amiloride-insensitive Na+ permeability [ Table I ]) appear to be similar in both subject populations. These findings indicate that any "excessive" Na+ absorption across CF tissue is probably not a consequence of an increased density of Na+ entry sites. Hence, an increased rate of active Na+ transport would require in CF a greater driving force(s) for entry, specifically, decreased cell Na+ concentration and/or increased intracellular negativity.
A raised PD associated with increased active Na+ transport in CF airway epithelia could also cause a decrease in apical Cl-permeability. Voltage dependent Cl-permeability of electrically excitable membranes is well documented (13) . Certain methods of depolarization of excised airway epithelia, e.g., raised submucosal K+ concentration, increase transepithelial Cl-permeability (14) . However, effects of hyperpolarization on Cl-permeability have not been reported.
Alternatively, the small Cl-permeability of the luminal border of the CF nasal epithelium raises the possibility that this defect alone could explain the abnormalities we observed. For example, we have noted a pattern of amiloride action on airway epithelia (15) (16) (17) . Despite the fact that Na+ absorption accounted for >75% of the basal short circuit current, the drug inhibited short circuit current or PD -50%. This discrepancy does not reflect an amiloride-insensitive Na+ absorptive flow (because Na+ absorption was abolished), but rather, the induction of Cl-secretion. A similar pattern of ion flow was induced by exposure to the luminal surface to Na+-free solution (16, 17) . The proposed mechanism for this Cl-secretion is related to an increase in the electrical force that drives Clpassively across the luminal membrane and has been described elsewhere (16, 18) . If Cl-permeability of the apical surface is lower in CF airway epithelia, then C1-secretion cannot be induced by amiloride and the PD (or short circuit current) in the presence or absence of drug would be related only to the rate of Na+ absorption. The expected result is greater amiloride efficacy in CF tissue.
It is more difficult to explain the raised PD of CF airway epithelia with this model. On the assumption that Cl-permeation is the major determinant of apical (luminal) membrane PD of normal airway epithelia, a lower apical Cl-permeability in CF would shift determination of the PD to the ion species with the largest product of permeability and average transmembrane concentration. If this ion is Na+, then the lumen should become more negative. This hypothesis is supported by the inverse relationship between resting PD and transepithelial Cl-permeability of rabbit trachea (19) and canine bronchi (18 (29) and human bronchi (15) but the magnitude of the response is relatively small (10% increase). Accordingly, there is evidence that neurotransmitters, neurohumors, and autocoids can modulate Cl-secretion by airway surface epithelia but there are no direct studies that measure the magnitude of this modulation.
It is also possible that defects in the function of airway surface epithelial cells play a minor role in liquid balance and that dysfunction of glandular secretion in all regions and/or of the surface epithelia of small airways are responsible for the major derangement of airways surface liquid in CF. Cells in the latter region are thought to secrete liquid (30) . This secretion may be a vestige of volume flow that is driven by Cl-transport across the pulmonary epithelium of the fetus. But, there is no direct evidence for the production of surface liquid by distal airways or its control. In contrast, the salt and water output of glands in large airways is modulated by cholinergic and, in some species, adrenergic neurotransmitters (31) . Whereas the output of mucous glycoprotein onto airway surfaces appears to be normal in CF (32) , secretion of NaCl and water by glands has not been examined. Secretion of liquid by the acinus of sweat glands, however, has been studied and is normal (24) .
Finally, our finding of decreased airway Cl-permeability in CF does not affect the rationale for consideration of agents such as amiloride for treatment of the disease. Inhibition of Na+ (and, presumably, C1-and water) absorption remains a possible therapeutic objective, even though the diseased epithelium may lack a potential compensatory process (Cl-secretion). Consequently, optimal surface liquid volume and composition may be even more difficult to achieve than we had originally supposed.
